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For the appropriate management of mercury, sources of emissions and release, as well as the amounts
released, need to be clariﬁed. We developed a mercury emissions inventory for Malaysia by measuring
the actual emissions levels in two solid waste incineration facilities (SWIF-a and SWIF-b) and a coal-ﬁred
power station, as well as the mercury concentrations in the combustion residues and feedstock. The
mercury concentration in the emissions from SWIF-a ranged from 1.1 to 27.6 mg/Nm3, while that from
SWIF-b averaged 35.1 mg/Nm3. The estimated mercury concentration in emissions from the coal-ﬁred
power station ranged from 5.2 to 39.5 mg/Nm3. We estimated the emissions and release of mercury
into various media, and applied a substance ﬂow analysis to link the ﬂows and stocks. The total potential
emissions in Malaysia in 2012 were an estimated 7.60e59.09 Mg (7.60e38.09 Mg excluding artisanal and
small-scale gold mining [ASGM]). The measurements for the SWIFs and the coal-ﬁred power station were
used to reﬁne the emissions inventory for Malaysia. In the future, it will be necessary to create reliable
inventories for both atmospheric emissions and release into other media in Malaysia by collecting more
reliable measurement data.
Copyright © 2016 Turkish National Committee for Air Pollution Research and Control. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Mercury is a heavy metal of special concern because it has many
serious impacts on human health and the environment (Danish
EPA, 2004). It can be found in many minerals, although cinnabar
is the only ore being extracted for the principal product (Danish
EPA, 2004). However, mercury is often extracted as a by-product
together with other metals such as gold, zinc, and copper (Danish
EPA, 2004; UNEP, 2010). This element has many uses, and is a
component of various products such as dental ﬁllings, batteries,
light sources, and thermometers (Danish EPA, 2004; UNEP, 2010;
IMERC, 2008; L. Peralta and Pausing, 2008; SR, 2011; Chang et al.,
2007). In addition, the combustion of natural resources such as
coal, oil, and gas as well as solid wastes, including municipal solid
waste (MSW) and medical waste, can result in signiﬁcant mercury
emissions into air if it is processed without adequate controls.: þ81 75 383 3338.
).
nal Committee for Air Pollu-
ttee for Air Pollution Research and
g/licenses/by-nc-nd/4.0/).As a consequence of rapid industrialization, Asia has become the
main source region of mercury emissions into air, with east and
southeast Asia accounting for about 40% of the global total (UNEP,
2013). Malaysia, as a developing country in Asia, has experienced
problems with regard to mercury pollution. High concentrations of
mercury have been reported in the areas of West Port, Malacca
Straits, Prai, and Johor due to industrial activities, i.e., the total
mercury concentration in sediments from West Port and Sungai
Pulau, Johor ranges from 0.11 to 0.41 mg/kg, and high mercury
concentrations (0.03e0.08 mg/L) have been detected in the rivers
of Sungai Pok Kecil, Sungai Pok Besar, and Teluk Buih in Johor, as
well as in seawater around Merambong Island (Praveena et al.,
2013). High concentrations of mercury in food have been found
on the west coast of the peninsula and are related to seafood intake
from speciﬁc geographical locations, i.e., mercury levels in food
samples from the Straits of Malacca have been reported as
1.1e3.2 mg/g (the permitted level in Malaysia is 0.5 mg/g) (Praveena
et al., 2013). Mercury is also present in tropical fruits due to agro-
chemical and fertilizer usage in Malaysia (Praveena et al., 2013;
Hajeb et al., 2012). Because of its impacts on human health, the
identiﬁcation and reduction of mercury in the environment and itsControl. Production and hosting by Elsevier B.V. This is an open access article under
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health and the environment from the adverse effects of mercury,
the Minamata Convention on Mercury (MCM) was agreed upon in
January 2013 and adopted by the Conference of Plenipotentiaries
on 10 October 2013 in Minamata. The main outcomes of the MCM
included a ban on the opening of new mercury mines (mining is
allowed for a further 15 years in currently active mines), a phase-in
of mercury control measures to tackle atmospheric emissions, and
international regulation of the informal sector of artisanal and
small-scale gold mining (ASGM) (WMCM, 2015). Malaysia signed
the MCM agreement on September 24, 2014.
For the appropriate management of mercury, it is necessary to
clarify the emissions and release sources, as well as the amount
released. The United Nations Environment Programme (UNEP) has
conducted an inventory of mercury emissions from 15 individual
countries, including 5 in Asia (Cambodia, Pakistan, Philippines,
Syria, and Yemen) using the UNEP Toolkit Inventory (UNEP, 2015).
In addition, the Danish Environmental Protection Agency has
conducted an emissions inventory for northern Europe, America,
Canada, and Russia using inventory data collected by questionnaire
surveys (Danish EPA, 2005). Many studies have subsequently
applied inventory data either from the UNEP Toolkit Inventory or
other sources, including published literature, internet resources,
personal communications, and assumptions to assess the emissions
and release of mercury in areas such as Turkey (Civancik and Yetis,
2015), the European Union (EU) (Sundseth et al., 2011), the United
States (US) (Cain et al., 2007; MPCA, 2001), Australia (Reisinger
et al., 2009), Japan (MOE, 2010), and Malaysia (MNRE and DOE,
2006). However, the published results described above contain
many uncertainties due to inaccurate mercury emission inventory
data. Therefore, it is important to clarify the actual mercury emis-
sions to support policy decisions.
Thus, in this study, we provide reliable quantitative information
regarding mercury emissions as a basis for implementing strategic
mercurymanagement policies inMalaysia. We initially developed a
mercury emissions inventory using: (1) measurements of actual
mercury emissions from two solid waste incineration facilities
(SWIF-a and SWIF-b) and a coal-ﬁred power station, as well as the
mercury concentrations in combustion residues and feedstock in
Malaysia; and (2) interviews with the Department of Environment
(DOE), Malaysia. Then we estimated the emissions and release of
mercury into various media at the substance level, and applied
substance ﬂow analysis (SFA) to link the ﬂows and stocks in
Malaysia.2. Materials and methods
2.1. Identiﬁcation of uses and sources in Malaysia
By considering studies conducted for the UNEP and in Malaysia
(UNEP Chemicals, 2011; Hajeb et al., 2012; MNRE and DOE, 2006),
mercury uses and source categories were identiﬁed. For the pur-
poses of this study, they were divided into four categories of
combustion, manufacture, intentional use, and others. Combustion
emissions are mainly derived from six sources: coal, oil (petro-
leum), natural gas, oil reﬁneries, solid waste, and medical waste.
Manufacturing emissions are mainly derived from eight sources:
non-ferrous metals, cement, gold mining (no amalgamation),
ASGM, ferrous metals, pulp and paper, limestone, and biomass
power stations. Emissions from intentional uses of mercury are
mainly derived from eight sources: thermometers, dental ﬁlings,
batteries, electric switches and relays, light sources, manometers,
gauges, and miscellaneous uses. Other emissions include the
landﬁlling of MSW and crematoria.2.2. Developing a mercury emissions inventory in Malaysia
To develop the mercury emissions inventory, we measured the
actual emissions levels from two private-sector SWIFs and a coal-
ﬁred power station in Malaysia, as well as the mercury concen-
trations in combustion residues and feedstock during 2012. The
MCM requires participating nations to control mercury air emis-
sions from coal-ﬁred power plants, coal-ﬁred industrial boilers, the
production of certain non-ferrous metals, waste incineration, and
cement production. In this study, as a result of negotiations with
the DOE and business entities, a limited number of measurements
were permitted from the three facilities referred to above. In
addition, we also conducted interviews with the DOE.
2.2.1. Target facilities
In an onsite survey in Malaysia, we measured the mercury
concentration in emissions from three facilities. Measurements
were made from SWIF-a (20 Mg per day) and SWIF-b (150 Mg per
day) and a coal-ﬁred power station (700 MW per unit). These were
operational values at the time of the study. The number of SWIFs
and coal-ﬁred power stations in Malaysia is less than 10 each
(Asean Centre for Energy, 2014 and Abd Kadir et al., 2013).
2.2.2. Experimental methods
(1) Analysis of mercury in ﬂue gas
To sample mercury from ﬂue, we used a portable continuous
emissions monitor (CEM: model EMP-2/WLE-8, Nippon In-
struments, Co., Ltd, Osaka, Japan). The analyzer consisted of two
units, a preprocessor (WLE-8) and detector (EMP-2). It measured
the total gaseous mercury in the sample gas. The CEM used in this
study was operated in accordance with the JIS K0222 standard, and
the results obtained correlated well with the mercury concentra-
tion measured from a sewage sludge incinerator (Tanida et al.,
2013) and a small-scale gold mining site (Kono and Tomiyasu,
2013). In the preprocessor, the sample gas is absorbed with 10%
(w/v) stannous chloride (SnCl2) reducing solution (5% sulfuric acid),
and Hg2þ is reduced to the gaseous elemental mercury (Hg0). After
the acid gas is absorbed in a gas cleaning tube containing 1 mol/L
KOH solution and is dehumidiﬁed, it enters the detector and the
amount of mercury is measured. The principle of measurement is
cold atomic absorption spectrometry and the measuring range is
0.1e1000 mg/Nm3. The measured value was recorded continuously
every second. The detection limit of this device is 0.1 mg/Nm3. A
polytetraﬂuoroethylene (PTFE) tube with an inner diameter of
6 mmwas used as a sampling tube, with glass wool inserted in the
end to prevent contamination by dust, in accordance with the JIS K
0095: 1999 standard. The sampling tube was inserted into the
sampling hole in the side of the duct and was ﬁxed in place using a
piece of rag wadding. The sample gas was collected at a ﬂow rate of
1 L/min. The sampling time was 50 min for SWIF-a, 120 min for
SWIF-b, and 65 min for the coal-ﬁred power station. The temper-
ature of the sample gas at the collection point was measured using
a thermocouple thermometer, and was 82 C at SWIF-a, 232 C at
SWIF-b, and 146 C at the coal-ﬁred power station. The sensitivity
of the CEM was conﬁrmed manually before and after the sampling
campaign by measuring a 50 mg/Nm3 Hg vapor.
(2) Analysis of mercury in solid samples
Six solid samples were collected: ﬂy ash and bottom ash from
SWIF-a and bottom ash and three types of coal (Coal-a, Coal-b,
Coal-c) from the coal-ﬁred power station. The sampling location
is shown in Fig. 1. The ﬂy ash from the coal-ﬁred power station was
Fig. 1. Sampling location of solid samples collected from solid waste incineration facility a (SWIF-a) and the coal-ﬁred power station.
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we were not able to obtain any solid materials such as waste, ﬂy
ash, or bottom ash for measurements. The 1 kg of ﬂy ash and bot-
tom ash at SWIF-a, and 5 kg of bottom ash at the coal-ﬁred power
station were collected once on the same day as the emissions
sampling. Because the sampling time was limited, the samples
were reduced by quartering in our laboratory. Several lumps of coal
were crushed and homogenized formeasurement.We analyzed the
mercury content of these samples using a fully automatic heat-
vaporization mercury-measuring device MA-2000 from Nippon
Instruments, Co., Ltd. The measurement procedure of the MA-2000
is described in detail elsewhere (Fukuda et al., 2011).
2.3. Emissions and release into various media in Malaysia
Emissionsmay be released into the atmosphere (air), the aquatic
environment (water), and the terrestrial environment (land/soil)
(MPCA, 2001; Cain et al., 2007; Civancik and Yetis, 2015; MNRE and
DOE, 2006; UNEP Chemicals, 2011). Mercury released via inter-
mediate pathways can be in the form of general waste, speciﬁc
waste treatments, products, and by-products (Civancik and Yetis,
2015; MNRE and DOE, 2006; UNEP Chemicals, 2011). By-products
that may contain mercury include calomel, elemental mercury,
sludge for off-site mercury recovery, low-grade washing acids,
sulfuric acid, liquid sulfur, and ﬁlter cake or other residues sold or
transferred to other metal production facilities (UNEP Chemicals,
2011).
2.3.1. Potential emissions and release
The amount of potential emissions and release can be calculated
as follows:
Amount of potential emissions and release
¼ Activity rate data Input factor (1)
Activity rate data refer to the amount of a product containing
mercury that is consumed or a mercury-containing material fed
into the process (Civancik and Yetis, 2015). The input factor is the
mercury concentration in the material or in the unit weight of theproduct. Activity rate data were obtained from various published
reports, statistical yearbooks, statistical databases, and ﬁeld surveys
in Malaysia. At the time of the study, activity data for non-ferrous
metals (lead), secondary and ferrous metals were available for
2010 and 2011, respectively. It was assumed that there were no
signiﬁcant changes in the data between 2012 and the previous two
years. The input factors for coal combustion, solid waste incinera-
tion, and the landﬁlling of solid waste were based on actual mea-
surements; that for an oil reﬁnery was based on a personal
communication in Malaysia; that for manufacturing non-ferrous
metal (lead) was based on a Japanese emissions inventory (Kida
et al., 2008); and that for ferrous metal was based on a report by
the Malaysian DOE (MNRE and DOE, 2006). All other input factors
were based on the UNEP Toolkit (UNEP Chemicals, 2011). The de-
tails are shown in Table 3.2.3.2. Emissions and release into different media
The amount of mercury emitted and released into the envi-
ronment and its intermediate pathways can be calculated as
follows:
Amount of emissions and releasei
¼ Potential emissions Distribution factori (2)
where i represents different environmental media and intermedi-
ate pathways. Distribution factors are how the estimated mercury
input from an activity/source is distributed to different environ-
mental media (Civancik and Yetis, 2015). The distribution factors in
the UNEP Toolkit (UNEP Chemicals, 2011) have beenwidely applied
for this estimation, with the exception of emissions into air. The
amount of emissions into air from sources such as coal combustion,
incineration of solid waste, and oil reﬁning were calculated using
activity rate data and multiplying the overall emissions factor of
each sector. Here, the overall emissions factors for coal combustion
and the incineration of solid waste were obtained by actual mea-
surements and the overall emissions factor for oil reﬁning was
obtained by personal communication with an expert in Malaysia.
Table 1
Statistics for the mercury concentration in emissions from the solid waste incineration facilities (SWIFs) and the coal-ﬁred power station.
Target facility Average (mg=Nm3) Maximum (mg=Nm3) Minimum (mg=Nm3) Median (mg=Nm3) Coefﬁcient of variation ()
SWIF-a 7.8 35.1 0 0.9 1.4
SWIF-b 35.1 80.2 19.3 30.8 11.8
Coal-ﬁred power station 8.5 39.5 5.2 7.3 0.5
Table 2
Comparison of the United Nations Environment Programme (UNEP) Toolkit Inventory and this study.
Emission source Activity rate (Mg) Input factor (g-Hg/Mg) OEFb (g-Hg/Mg) Distribution factor (%) Air emission (Mg/year)
UNEP Toolkit This studya This studya UNEP Toolkit This study
Coal combustion 24,633,000 0.05e0.50 0.058e0.650 0.041e0.111 50 0.616e6.158 0.985e2.710
Incineration of SWIF 48,000 1e10 0.032e0.204 0.007e0.180 90 0.040e0.430 0.0003e0.0086
Landﬁlling of solid waste 10,583,000 1e10 0.032e0.204 e 1 0.106e1.058 0.003e0.022
a Actual measurement.
b Overall emission factor.
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SFA has been used in many studies of mercury (Civancik and
Yetis, 2015; Cain et al., 2007; MPCA, 2001; MNRE and DOE, 2006;
Sundseth et al., 2011; Reisinger et al., 2009; MOE, 2010) and
mercury-containing products (Chang et al., 2007; Habuer et al.,
2014), and is a useful method for identifying the main emissions
and release sources. Therefore, we conducted an SFA of mercury for
Malaysia, based on 2012 estimated emissions into different media.
3. Results and discussion
3.1. Mercury emissions inventory in Malaysia
3.1.1. Mercury concentrations in emissions from SWIFs
Fig. 2 shows the mercury concentrations in emissions from
SWIF-a over time during stable operation and the frequency dis-
tribution of mercury concentration. The concentration in ﬂue gas
increased rapidly, with an average value around 8.7 times higher
than the median value (see Table 1). Household waste contains a
certain level of mercury. For example, many studies have reported
that mercury is present in Malaysian ﬁsh, and high concentrations
have been observed in some kinds of ﬁsh (Agusa et al., 2005,
Ahmad et al., 2015). Therefore, kitchen waste contains trace
amounts of mercury. In addition, used button batteries, ﬂuorescent
lamps, and thermometers are known to contain mercury, and
might enter the household waste stream if the wastes are not
collected separately (Takaoka et al., 2002, Takaoka, 2015). Espe-
cially, Button batteries are widely used in various products such as
toys and small electronics. The mercury content in one button
battery is reported to range from <0.0001 to 4.74 mg in Japan
(METI, 2015). For the rapid increase in ﬂu gas concentration to be
explained by the contribution of button batteries, more than seven
individual batteries would need to be combusted during a
30e50 min period in SWIF-a, which is equivalent to 34 MgeHg.
Because the mercury concentration changes markedly in Fig. 2
(a), the arithmetic mean cannot be considered a representative
value of the concentration of mercury in SWIF emissions. Conse-
quently, we produced a histogram of the concentration. Fig. 2 (b)
indicates the frequency distribution, which suggests that the ﬁrst
and second distributions are within 0e8 and 20e36 mg/Nm3,
respectively. Therefore, we believe it was appropriate to set two
representative values. The average concentrations in each range
were 1.1 and 27.6 mg/Nm3, respectively. Therefore, we concludedthat the mercury concentration in emissions from SWIF-a ranged
from1.1 to 27.6 mg/Nm3. During thesemeasurements, the volume of
ﬂue gas was not recorded due to maintenance of the equipment.
Therefore, we assumed that ﬂue gas was released at 6500 Nm3/Mg
of solid waste incinerated based on the Malaysian DOE method for
estimating mercury emissions from the incineration of hazardous
waste (MNRE and DOE, 2006). Using the range of 1.1e27.6 mg/Nm3
as the mercury concentration in emissions, we estimated the
amount of mercury released into the atmosphere as
0.00715e0.179 g-Hg/Mg of solid waste incinerated. Because the
amount incinerated was 20 Mg per day, with operations running 4
days a week (i.e., 208 days per year), there was an estimated
4160 Mg of solid waste incinerated per year. Therefore, 30 to 745 g-
Hg of mercury can be emitted into the atmosphere from this facility
per year.
The amounts of mercury in bottom and ﬂy ash were 0.274 and
0.316 mg/kg, respectively. The amounts of bottom and ﬂy ash
produced account for about 6e10% and less than 1% of the amount
incinerated, respectively. If the amounts of bottom and ﬂy ash
generated are assumed to be 8% and 1% of the amount incinerated,
respectively, the total amounts produced are 80 kg bottom ash and
10 kg ﬂy ash per Mg of solid waste incinerated. Therefore, taking
into account that the mercury in incinerated solid waste is
distributed among ﬂue gas, bottom ash, and ﬂy ash, the mercury in
the solid waste estimated from the measured data can range from
0.032 to 0.204 g/Mg.
The mercury content of solid waste is set at 1 to 10 g-Hg/Mg in
the UNEP Toolkit Inventory, while the concentration in solid waste
estimated from studies in Japan has ranged from 0.034 to 0.0784 g-
Hg/Mg (Kida et al., 2008). Therefore, the mercury concentration in
the solid waste incinerated at the target facility, as estimated from
the current measurement results, ranged from one-ﬁftieth to one-
thirtieth of the value in the UNEP Toolkit Inventory, but was similar
to the concentration reported in previous Japanese studies.
To improve the reliability of the data, we conducted further
measurements at a different facility, SWIF-b. The results are shown
in Fig. 3. The average value was 35.1 mg/Nm3 with a median value of
30.8 mg/Nm3 and a standard deviation of 11.8 mg/Nm3 (see Table 1).
Although the values were higher than those for SWIF-a, they were
lower than the EU standard value (50 mg/Nm3). The overall results
suggest that themercury concentration in solid waste inMalaysia is
lower than the default value in the UNEP Toolkit Inventory and
atmospheric emissions are also lower than the standard value in
the EU.
Table 3
Potential emissions and releases, and atmospheric emissions of mercury in Malaysia in 2012.
Category Source Activity rate Potential emission and release Air Remarks
(103 Mg/year) IFa (g-Hg/Mg) Amount
(Mg/year)
DFb (%) OEFe
(g-Hg/Mg)
Amount
(Mg/year)
Combustion Coal 24,633 0.06e0.65 1.43e16.01 _ 0.041e0.111 0.99e2.71
Activity data source: Energy Information Administration,
2012; Input and Distribution factor: Experimental data
Oil light distillates 9287 0.001e0.01 0.06e0.56 100 _ 0.06e0.56 Activity data source: BP tactical review of world energy,
2013middle distillates 10,494 0.001e0.01
fuel oil 3635 0.01e0.1
others 6383 0.001e0.01
Natural gas 31567 
106 Nm3/year
0.00003e
0.0004 mg/Nm3
0.00e0.01 100 _ 0.00e0.01
Oil reﬁnery 26,181 0.094e0.104 2.46e2.72 _ 0.0047e0.0052 0.12e0.14 Activity data source: IndexMudi; Input and Distribution
factor: Personal communication
Incineration of solid waste 48 0.032e0.204 0.002e0.01 _ 0.007e0.18 0.00e0.009 Activity data source: based on the capacity of MSWI and
operation data; Input and Distribution factor: Experimental
data
Incineration of medical waste 47.41 8e40 0.379e1.90 50 _ 0.190e0.948 Activity data and distribution factor source: Malaysia DOE
Env. Rep., 2012, assumed that data is same as that in 2012
Manufacture Non-ferrous metal (lead),
secondary
71 0.716 0.051 10 _ 0.005 Activity data source: IndexMudi, the latest data is that in
2010, thus it is assumed that there is no signiﬁcant changes
in data of 2012; Input factor: based on Japanese data
Gold mining (no amalgamation) 0.00463 2  103e50  103 0.009e0.231 4 _ 0.000e0.009 Activity data source: USGS 2012 Minerals Yearbook; Input
factor: MNRE and DOE, 2006.
Artisanal small-scale gold
mining (ASGM)
0.00005e0.007 1  103e3  106 0.00e21 60 _ 0.00e12.6 Source: UNEP, 2011
Cement 21,726 0.02e0.2 0.435e4.345 60e80 _ 0.261e3.476 Activity data source: USGS 2012 Minerals Yearbook
Ferrous metal 5612 0.02e0.1 0.112e0.561 95 _ 0.107e0.533 Activity data source: Steel Statistical Yearbook, 2013,World
Steel Association; Input factor: MNRE and DOE, 2006
Pulp and paper 1943 0.007e0.07 0.014e0.136 90e100 _ 0.012e0.136 Activity data source: Paper & Paperboard Production &
Consumption Statistics
Lime 1000 0.02e0.2 0.02e0.2 60e80 _ 0.012e0.16 Activity data source: IndexMudi, the latest data is that in
2011, thus it is assumed that there is no signiﬁcant changes
in data of 2012; Assumption: Input and Distribution factor
are same as that of cement.
Biomass power station 1000 0.01e0.07 0.01e0.07 100 _ 0.01e0.07 Activity data source: MNRE and DOE, 2006
Intentional
usec
Thermometers 40,000-
120,000 items
1e2.5 g/item 0.04e0.3 10 _ 0.004e0.03 Activity data source: MNRE and DOE, 2006; Assumption:
Distribution factors of Miscellaneous uses are same as that
of Manometers and gauges, Thermometers.Electrical switches and relays _ 0.48e1.44 10 _ 0.048e0.144
Light sources _ 0.20e0.80 5 _ 0.01e0.04
Dental ﬁllingsd _ 1.20e4.90 2 _ 0.02e0.10
Batteries with mercury _ 0.10e0.30 e _ e
Manometers and gauges _ 0.02e0.15 10 _ 0.002e0.015
Miscellaneous uses _ 0.20e1.00 10 _ 0.02e0.1
Others Landﬁlling of solid waste 10,583 0.032e0.204 0.339e2.159 1 _ 0.003e0.022 Activity data source: Solid Waste Management: Issues and
Challenges in Asia; Input data: Experimental data
Crematoria 34,481-body 1.0e4.0 g/body 0.034e0.138 100 _ 0.034e0.138 Activity data source: UNEP, 2011
Total 7.60e59.09 1.91e21.97
Total without ASGM 7.60e38.09 1.91e9.37
a Input factor.
b Distribution factor.
c No or very limited separate intentional collection of used products. All or most general waste is collected and handled in a publicly controlled manner during the use and disposal phase.
d In countries where most dental clinics are equipped with high efﬁciency amalgam ﬁlters (95% retention rate).
e Overall emission factor.
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Fig. 2. Mercury concentration in emissions from solid waste incineration facility a
(SWIF-a).
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Fig. 3. Mercury concentration in emissions from solid waste incineration facility b
(SWIF-b).
Fig. 4. Mercury concentration in emissions from the coal-ﬁred power station.
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station
Fig. 4 shows the concentration of mercury in emissions from a
coal-ﬁred power station over time. Although periodically high
concentrations were repeatedly detected, a fairly low concentration
(generally lower than 10 mg/Nm3) wasmaintained. Only brief spikeswere observed over time, with an average value of 8.5 mg/Nm3
(range 5.2e39.5 mg/Nm3) and a median value of 7.3 mg/Nm3 (see
Table 1). The high concentrations had little impact on the average
value, and the average value of the measured data can be consid-
ered to represent the true concentrations from this source. The
reason for the occasional spikes is that the location where the ﬂue
gas is collected is hot (about 146 C). The length of the PTFE tube
between the sampling hole and the CEM was as short as possible;
however, the gas cooled in the PTFE sampling tube, causing
condensation of moisture, which absorbs mercury and caused the
spikes. Considering the material properties and sampling time, the
amount of mercury adsorbed on the surface of the PTFE tube was
considered to be small. According to the information provided by
the facility, coal consumption of 280 Mg/h produces a ﬂue gas
volume of 2,500,000 Nm3/h. Therefore, the overall emissions factor
ranged from 41 to 111 mg-Hg/Mg-coal. The mercury in the three
types of coal used and the bottom ash was as follows: Coal-a,
0.651 mg/kg; Coal-b, 0.641 mg/kg; Coal-c, 0.372 mg/kg; and bot-
tom ash, 0.316 mg/kg. The measured concentrations were equal to
or slightly higher than the range (0.05e0.5 mg/kg) reported in the
UNEP Toolkit. However, the mercury concentration in coal differs
signiﬁcantly according to the type of coal used, and it has been
reported that even the combustion of coal from the same deposit
can result in mercury emissions that vary by one or more orders of
magnitude (UNEP Chemicals, 2011). The results of the coal analysis
suggested that the input factor in this plant ranged from 372 to
651mg-Hg/Mg-coal. Therefore, by comparing the overall emissions
factors and input factors, the mercury reduction ratio was esti-
mated to be 70.2e93.8%. The facility was equipped with an elec-
trostatic precipitator and a ﬂue gas desulfurization plant. The
reduction ratio was higher than that (50%) set in the UNEP Toolkit.
Because mercury emissions from the combustion of coal at po-
wer stations is likely to make up a signiﬁcant proportion of overall
emissions, it is important to estimate the emissions from coal-ﬁred
power stations. Furthermore, it is important to perform an analysis
ofmany coal samples and conduct actual measurements of mercury
in emissions from coal plants. Using the results above, wewere able
to narrow down the values for the SWIFs and coal-ﬁred power sta-
tion beyond the default values of the UNEP Toolkit Inventory.3.1.3. Comparison of the UNEP Toolkit Inventory and this study
A comparison of the UNEP Toolkit Inventory and the atmo-
spheric emissions reported in this study is shown in Table 2. The
input factors of coal combustion in the UNEP Toolkit Inventory and
this study are similar. However, the overall emission factor was
Table 4
Comparison on mercury emissions and releases between this study and a previous study.
Media (Mg)
target year
Air Water Land Product By-product General waste Speciﬁc
treatment
Source
2005 0.9e6.4a 0.6e2.5a 0.2e0.8a e e 1.8e10.2 (for landﬁlling) 1.7e64.8 DOE, Malaysia [19]
2012 1.9e22 (1.9e9.4)a 0.1e4.6 (0.1e0.4)a 0.1e4.6 (0.1e0.4)a 0.3e1.2 0.02 1.1e4.4 (for landﬁlling) 3.3e18.2 This study
a Excluding ASGM.
Habuer et al. / Atmospheric Pollution Research 7 (2016) 799e807 805applied to calculate mercury emissions into the air, which provides
a more limited range of values. The input factors of the SWIF and
the landﬁlling of solid waste (both are 1e10 g-Hg/Mg) in the UNEP
Toolkit Inventory have wide ranges, while a more limited range of
data (both 0.032e0.204 g-Hg/Mg) was applied in this study.
Therefore, the UNEP Toolkit Inventory, which provides awide range
of values, can result in signiﬁcant uncertainty in the calculation of
emissions into the atmosphere. We used a more limited range of
inventory data, resulting from actual measurements, which has
both improved the reliability of the results and reﬂects the speciﬁc
circumstances in Malaysia.3.2. Emissions and release of mercury in Malaysia
3.2.1. Data for 2012
Table 3 provides the potential emissions in Malaysia in 2012,
broken down by category. The total emissions were estimated to be
7.60e59.09 Mg (7.60e38.09 excluding ASGM). Emissions were
1.91e21.97 Mg (1.91e9.37 excluding ASGM) into air, 0.08e4.64 Mg
(0.08e0.44) into water, and 0.07e4.57 Mg (0.07e0.37) into land
(Table SI-1). Regarding intermediate pathways, 0.25e1.21 MgFig. 5. Substance ﬂow of mercury emissio(0.25e1.21 excluding ASGM) of mercury was contained in products
from the production of cement and dental ﬁllings. In addition,
0.015 Mg was contained in by-products from the production of
non-ferrous metals (lead); 1.14e4.36 Mg was present in general
wastes, mainly from intentional uses; and 3.31e18.16 Mg was from
special waste treatment.3.2.2. Comparison of estimates to previous studies
Table 4 compares our results to those of a previous study. A
study conducted by the Malaysian DOE (MNRE and DOE, 2006) was
considered for comparison. The maximum atmospheric emissions
in Malaysia in 2012 were larger than those in Malaysia in 2005. The
mercury releases into other media were lower than those in
Malaysia in 2005. It should be noted that mercury in products and
by-products could not be compared due to the lack of data from the
Malaysian DOE in 2006.3.3. SFA of mercury in Malaysia in 2012
Fig. 5 shows our SFA of emissions and release of mercury in
Malaysia in 2012. The main potential mercury emission sources,ns and releases in Malaysia in 2012.
Habuer et al. / Atmospheric Pollution Research 7 (2016) 799e807806hereafter referred to ‘main contributors,’ were ASGM, coal com-
bustion, and intentional uses. The emissions from combustionwere
mainly into the air and from speciﬁc waste treatments. The emis-
sions and releases from manufacturing and intentional uses went
into various media including the air, land, and water, speciﬁc
treatments and products. The emissions and release of mercury
from landﬁlling of solid waste and crematoria went into the air and
water.
The main contributors were ASGM and cement production
emissions for air; ASGM, cement production, and the disposal of
mercury-containing products for water; and ASGM for land. The
main contributors for speciﬁc waste treatments were coal com-
bustion, oil reﬁning, and the disposal of mercury-containing
products; that from mercury storage (contained in products) was
cement production.
Potential emissions from combustion were estimated to be
4.33e21.21 Mg; 0.65e26.56 Mg (0.65e5.56 Mg excluding ASGM)
was emitted and released from manufacturing; 2.24e8.89 Mg was
emitted and released from intentional uses of mercury; and
0.37e2.30 Mg was emitted and released from other sources. With
the exception of ASGM, the largest potential emissions source was
combustion, in which coal combustion was the main contributor at
1.429e16.011 Mg, approximately. In manufacturing, it was clear
that ASGM, which emits and releases 0.00005e21 Mg of mercury,
was the largest source of emissions and release. The second largest
contributor to manufacturing emissions was the production of
cement, which emitted and released 0.435e4.345 Mg of mercury.
The largest source of mercury from products in which the element
is intentionally used was dental ﬁllings, which was associated with
the release of 1.2e4.9 Mg of mercury (see Table 3). The landﬁlling of
solid waste could potentially emit and release 0.339e2.159 Mg of
mercury (0.003e0.0222 Mg emitted into the air), while crematoria
was associated with 0.034e0.138 Mg. In Malaysia, general (solid)
waste is typically sent to a landﬁll rather than being incinerated,
but the environmental authorities recommend the incineration of
medical waste for reasons of hygiene. The number of annual cre-
mations in Malaysia is not known. The cremation of dead bodies is
not practiced in Islam, so there is no data available regarding
Muslim crematoria. The Buddhist ethnic Chinese are thought to
cremate their dead.
4. Conclusion
We developed a mercury emissions inventory using measure-
ments of the actual emissions levels from two SWIFs and a coal-
ﬁred power station as well as mercury concentrations in combus-
tion residues and feedstock in Malaysia. Themercury concentration
in emissions from SWIF-a ranged from 1.1 to 27.6 mg/Nm3. The
average concentration from SWIF-b was 35.1 mg/Nm3. The esti-
mated concentration from the coal-ﬁred power station ranged from
4.6 to 12.4 mg/Nm3. We estimated the emissions and release of
mercury into various media at the substance level, and applied SFA
to link ﬂows and stocks in Malaysia. The total potential emissions
and release for 2012 were estimated to be 7.60e59.09 Mg
(7.60e38.09 Mg excluding ASGM). The main overall contributors
were ASGM, coal combustion, and intentional uses. Broken down
by media, they were ASGM and cement production for air; ASGM,
cement production, and mercury-containing products for water;
and ASGM for land. The main contributors of mercury from speciﬁc
waste treatments were coal combustion, oil reﬁning, and the
disposal of mercury-containing products. The main contributor
from mercury storage (contained in products) was cement
production.
Our data reﬁne the existing mercury emissions inventory for
Malaysia. In the future, it will be necessary to create reliableinventories not only for the atmosphere but also for other media in
Malaysia, by collectingmoremeasurement data. In particular, it will
be important to measure the concentration of mercury released
from cement factories and coal combustion, which are anticipated
to be high, and to gather more information on ASGM.
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